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The Substrate Specificity of a Recombinant
Cysteine Protease from Leishmania mexicana :
Application of a Combinatorial Peptide Library
Approach
Phaedria M. St. Hilaire,[a] Lira C. Alves,[b] Sanya J. Sanderson,[c] Jeremy C. Mottram,[d]

Maria A. Juliano,[b] Luiz Juliano,[b] Graham H. Coombs,[c] and Morten Meldal*[a]

The substrate specificity of CPB2.8DCTE, a recombinant cysteine
protease from Leishmania mexicana, was mapped by screening a
fluorescence-quenched combinatorial peptide library. Results from
library screening indicated a preference for Arg or Lys in the S3

subsite and for hydrophobic residues, both aliphatic and aromatic,
in S2 . The S1 subsite exhibited a specificity for the basic residues Arg
and Lys. Generally, the specificity of the primed subsites was less
strict compared with the non-primed side which showed preference
for Arg, Lys and Ala in S '

1, Arg, Pro and Gly in S '
2 and Lys, Arg and Ser

in S '
4. By contrast, a strict preference for the basic residues Arg and

Lys was found for S '
3. Overall, there was a trend for basic residues in

alternating subsites and smaller residues in the primed sites
compared with the non-primed sites. In addition, there were strict
requirements for the amino acids in subsites S3 ± S1. Fluorescence-
quenched peptides from the library with the highest on-resin
cleavage were resynthesised and their kinetics of hydrolysis by

CPB2.8DCTE assessed in solution phase assays. Several good
substrates containing the quintessential dipeptide particular to
cathepsin-L-like enzymes, -F-R/K-, in P2 and P1 were identified (e. g.
Y(NO2)-EKFR # RGK-K(Abz)G, Abz� 2-aminobenzoyl ; kcat Km

ÿ1�
4298 mMÿ1 s-1). However, novel substrates containing the dipeptide
-L/I-Q- in P2 and P1 were also well hydrolysed (e. g. Y(NO2)-YLQ #
GIQK-K(Abz)G; kcat Km

ÿ1� 2583 mMÿ1 s-1). The effect of utilising
different fluorescent donor ± quencher pairs on the value of kcat Km

ÿ1

was examined. Generally, the use of the Abz/Q-EDDnp donor ±
quencher pair (EDDnp�N-(2,4-dinitrophenyl)ethylenediamine) in-
stead of K(Abz)/Y(NO2) resulted in higher kcat Km

ÿ1 values for
analogous substrates.
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Introduction

The protozoal parasites of the genus Leishmania, the causative
agent of leishmaniasis, express, in a stage-regulated manner,
high levels of several classes of cysteine proteases (CPs)
belonging to the papain family. In Leishmania mexicana, one
group of cysteine proteases, CPBs (cysteine proteases of
group B),[2] are expressed from a single tandem array comprising
19 gene copies (CPB1 ± CPB19), with individual genes encoding
subtly different isoenzymes.[3] It is thought that the CPs are
central to the survival of the parasite in a mammalian host.[4, 5]

The precise mechanisms involved are yet to be elucidated,
however, one probability entails the internalisation of MHC
class II molecules of the host macrophages by the amastigotes
followed by their degradation within parasitic lysosomes by the
parasite cysteine proteases. This may be a means of circum-
venting the host's immune system.[6, 7] CPB null mutants show
reduced infectivity to macrophages in vitro and also to BALB/c
mice, compared with wild-type parasites. Re-expression of a
single isoform from the CPB array (CPB2.8) restored infectivity
towards macrophages to wild-type levels and implicate these
CPB isoenzymes as virulence factors.[8] Inhibitors of the CPB
isoenzymes have been shown to reduce the infectivity of wild-

type parasites both in vitro towards macrophages[8, 9] and in vivo
towards BALB/c mice,[10] thus providing further evidence that
these CPB isoenzymes are virulence factors.

Mature cysteine proteases of this class from L. mexicana are
composed of two domains: a catalytic domain of 219 amino
acids and a C-terminal extension (CTE) typically 100 amino acids
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long.[3, 11] The function of the CTE has long been debated and
their role in the targeting of the protein to lysosomes has been
theorised. However, the evidence so far points to the fact that a
full-length CTE is not required for enzyme trafficking and is not
essential for the catalytic activity of the enzyme.[3, 12, 13] Recently,
the prodomain has been shown to be sufficient for trafficking of
the cysteine proteases to lysosomes.[14]

Because of their tremendous importance in the etiology of
leishmaniasis, the parasite's CPs are attractive alternative targets
for therapeutic agents that ameliorate the symptoms of
leishmaniases. The currently most viable chemotherapeutic
treatment of the disease is unsatisfactory due to high toxicity[15]

and the development of drug-resistant parasites.[16, 17] As a
preface to the development of specific inhibitors of the cysteine
proteases of L. mexicana, we first characterised the substrate
specificity of the CPB2.8 isoform (implicated in the restoration of
infectivity towards macrophages[8] ) by screening an intramolec-
ularly fluorescence-quenched peptide library.[18±21] A character-
isation of the substrate specificity is fundamental for under-
standing the subtle differences between the isoforms of the
enzyme, for establishing that recombinant enzymes lacking the
CTE have the same activity and specificity as the native enzymes,
for designing inhibitors and for screening of inhibitor libraries as
previously demonstrated.[22, 23] We present herein the first
systematic characterisation of the substrate specificity of
cysteine protease CPB2.8 from L. mexicana[3, 24] by the use of a
fluorescence-quenched combinatorial peptide library.

Results

Library synthesis

The fluorescence-quenched library of the general structure
shown in Figure 1 was synthesised on 1.7 g PEGA4000** resin
(200 ± 800 mm beads).[20] Seven positions (X1 ± X7) were rando-
mised by using all 20 genetically encoded amino acids. The
peptide sequences were flanked by the fluorescence donor
AbzOH attached to the side chain of lysine (!K(Abz)), and by the

Figure 1. Peptide library construct. The library, which contained free N termini,
was synthesised on PEGA4000 resin, and the loading was doubled by incorporation
of the sequence of two Lys residues. X1 ± X7 are randomised positions.

fluorescence quencher, 3-nitrotyrosine (Y(NO2)). The Lys-Lys
sequence was incorporated to double the loading of the resin;
initial loading was 0.13 mmol gÿ1 and final loading was
0.21 mmol gÿ1. The peptides were synthesised by using the
Fmoc/OPfp ester methodology[25] except for the incorporation of
K(Abz) and Y(NO2), which were incorporated by using TBTU/NEM
activation.[26] Based on the results of Edman degradation,
synthesis of the library proceeded smoothly to afford a single
compound per bead.

Screening of peptide libraries

After incubation of the library with CPB2.8DCTE, beads of
varying degrees of fluorescence were isolated from the library
and the amino acid sequence of 41 beads was determined by
Edman degradation. In three cases, it was impossible to
determine the sequence from the Edman degradation data,
therefore, the sequences of 38 beads only are shown in Table 1.
The results from the sequencing showed that roughly 42 % of
the peptides were cleaved at two positions and the alignments
resulting from both cleavages are shown (Table 1) and used for
the generation of the amino acid subsite frequency diagrams
shown in Figure 2. While most of the peptides were roughly
centrally cleaved by the enzyme, in about half of the peptides
with the N-terminal sequence Y'-R/K/H-X- (Table 1, peptides 1 ±
13) were cleaved after the basic amino acid to release the
N-terminal dipeptide in addition to hydrolysis at a primary
cleavage site. The percentage of peptide hydrolysed by the
enzyme on each bead varied widely.

The results from screening of the library indicated that the
hydrolysed peptides were highly basic, with 92 % of the
sequences containing 2 to 4 and 49 % containing 3 to 4 basic
residues. The specificity requirements for the non-primed site
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were stricter than for the primed sites, particularly for S3 ± S1. Of
the primed sites, S '

3 exhibited the strictest requirement. There
appeared to be no specificity in the S4 site with acidic (Glu), basic

(Arg and Lys), secondary (Pro) and small polar (Ser) amino acids
appearing with equal frequency. There was a preference for Arg
or Lys in the S3 subsite and for hydrophobic residues, both

Table 1. Peptide sequences obtained from screening of the peptide library (Y'-X7X6X5X4X3X2X1-K') with CPBDCTE.[a, b]

Compd. Peptide Sequence Hydr. [%][c]

P7 P6 P5 P4 P3 P2 P1 P1' P2' P3' P4' P5' P6' P7'

1 a Y' ? # E Q E R K M K' n. d.
2 a Y' R # F ± Y ± S ± K' 21
3 a Y' R # A R S G K A K' 18
4 a Y' R # S T I R R G K' 25
5 a Y' R # N S N A N R K' 25
6 Y' R # N Y N N F R K' 16
7 a Y' K # T W R P V R K' 11
8 a Y' K # K I R Y A D K' 16
9 Y' K # K G R V P Y K' 64

10 Y' K # L H P K L K K' 26
11 a Y' L # Q H L H H N K' 10
12 a Y' H # R A W N V R K' 13
13 a Y' Q # N K R S R M K' 16
14 a Y' R I # I R I K R K' n. d.
15 a Y' I R # W R Q Q Y K' 6
16 a Y' I R # R Y L R E K' 4
17 Y' L K # A P Y S R K' 65
18 Y' L K # A K K M G K' 37
19 a Y' L K # L L R K M K' 12
20 Y' V K # T P K T S K' 8
21 Y' Q L V # L Q C? V K' 31 ± 93
22 Y' Y L Q # G I Q K K' 38 ± 45
23 Y' K I Q # V I K G K' 75
24 Y' K L F # N P K F K' 70
25 Y' R F F # R N R F K' 54
26 a Y' T V K # Y K V P K' 73
27[d] Y' R I K # R/S N I S K' 55 ± 62
28 Y' M F K # G I W K K' 54
2 b Y' R F ± # Y ± S ± K' 64
3 b Y' R A R # S G K A K' 51
29 a Y' K L S # K Y L S K' 36

4 b Y' R S T # I R R G K' 9
7 b Y' K T W # R P V R K' 9

30 Y' R T L K # A R R K' 80
31 Y' K ? I K # S K K K' n. d.
32 Y' P K F R # S F N K' 67 ± 76
33 Y' E K F R # R G K K' 70
34 Y' P R F R # T G S K' 45 ± 70
8 b Y' K K I R # Y A D K' 68
15 b Y' I R W R # Q Q Y K' 5
13 b Y' Q N K R # S R M K' 29
35 Y' P Q A M # A F R K' 32 ± 42
26 b Y' T V K Y K # V P K' 7 ± 17
36 Y' I E R F K # M R K' 60
11 b Y' L Q H L H # H N K' 60
37 Y' P Y R F H # T P K' 51

2 b Y' R F - Y - # S - K' 26
4 c Y' R S T I R # R G K' 28

19 b Y' L K L L R # K M K' 7 ± 8
1 b Y' ? E Q E R # K M K' 95

29 b Y' K L S K Y L # S K' 33
12 b Y' H R A W N V # R K' 25

5 b Y' R N S N A N # R K' 42
16 b Y' I R R Y L R # E K' 37
38 Y' A N H F L R # T K' 13 ± 30

3 c Y' R A R S G K # A K' 16
14 b Y' R I I R I K # R K' 21

[a] Assay conditions: 0.1M Na phosphate, 137 mM NaCl, 10 mm DTT, pH 6.0, 37 8C. [b] #� cleavage site. Peptides with more than one cleavage site are
designated a ± c. Y'�Tyr(NO2), K'� Lys(Abz). [c] Approximate degree of hydrolysis of resin-bound peptide based on results of Edman degradation. [d] It was not
possible to conclusively identify the amino acid as Ser or Arg. n. d.�not determined.
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Figure 2. Amino acid frequency in enzyme subsites. Peptide sequences were
identified from screening of the fluorescence-quenched peptide library and are
shown in Table 1.

aromatic and aliphatic, in S2. In that position, Phe and Ile
occurred with equal frequency and were slightly surpassed by
Leu. The S1 subsite exhibited a specificity for the basic residues
Arg and Lys. The S '

1 site showed favour for Arg, Ser, Lys and Ala,
while Arg, Pro and Gly were slightly predominant in S '

2. As for S1

and S3 , a strict preference for the basic residues Arg and Lys was
once more observed in S '

3. Overall, there was a trend for smaller
residues in the primed sites compared to the non-primed sites
and basic residues in the alternating subsites, P3, P1 and P '

1 and
P '

3 (thus the general structure was X-R/K-X-R/K # -R/K-X-R/K). In
the event that a basic residue was not present in the expected
subsite, it was placed in an adjacent subsite (e. g. R/K-X-X-R/K# -
X-R/K-X and/or X-R/K-X-R/K # -R/K-X-X-R/K).

Kinetic characterisation of selected peptides from the library

Fluorescence-quenched peptides with the highest on-resin
cleavage and primarily one cleavage site were selected from
the library and resynthesised. Two different fluorescence do-
nor ± quencher pairs, K(Abz)/Y(NO2) and Abz/Q-EDDnp, were

used to evaluate their respective effects on the kinetics of
hydrolysis of the selected peptides. The hydrolysis of Abz/
Q-EDDnp peptides was performed at pH 5.5, at which the
enzyme exhibits maximal activity (Figure 3). Hydrolysis of K(Abz)/
Y(NO2) peptides was carried out at pH 6.5, at which the enzyme
still retains about 95 % of maximal activity and is longer active
than at pH values below 6.0. These experiments were carried out
at higher pH than for Abz/Q-EDDnp peptides in order to
optimise the quenching effect of Y(NO2), although K(Abz)/Y(NO2)
substrates have been useful at low pH.[27]

Figure 3. pH profile of CPB2.8DCTE activity determined at 37 8C, using Abz-
EKFRRGKQ-EDDnp as substrate.

The kinetic parameters for substrate hydrolysis are shown in
Table 2, wherein the substrates were sorted by the polarity index
of the amino acids at the three most restrictive subsites, P3 , P2

and P1. It is clear from the data in Table 2 that the kinetic
constants are affected by the use of the different pairs of
reporter groups. Frequently, the use of the Abz/Q-EDDnp donor-
quenched pair resulted in higher kcat Km

ÿ1 values for the
analogous substrates due either to faster rates of hydrolysis,
lower Km values or a combination of both. In a few instances, the
effect of changing reporter groups was quite dramatic, making
good substrates resistant to hydrolysis (see 18, 24 and 30 in
Table 2). In two instances, the cleavage points of the substrates
were different, as in peptides 8 and 11 (Table 2) where the Y(NO2)
residue fits to the S2 subsite and the enzyme acts as an amino-
dipeptidase. The effects of the fluorescence donor and quencher
groups depend on both the peptide sequence and on their
distance from the scissile bond, as was previously reported for
papain.[21] These variations in kinetic constants notwithstanding,
the same general trends of the CPB2.8DCTE specificity towards
the identified peptide sequences were observed for both series
of substrates.

The substrates with the highest specificity constant had the
preferred amino acid in most restrictive subsites (P3 ± P1) and
generally contained the basic-hydrophobic-basic motif in those
sites (Table 2). They also had the highest on-resin cleavage (i. e.
60 ± 80 %, Table 1). These substrates had the highest kcat values
and bound less tightly to the enzyme (higher Km). The presence
of Phe in P2 seemed particularly advantageous compared to Ile
or Leu. In some cases, the lack of a basic residue in P3 was
compensated by having it in P4 (peptides 16 and 30). Substrates
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having the hydrophobic-hydrophobic-basic sequence in the P3

to P1 subsites had fairly high kcat Km
ÿ1 values primarily due to

tighter binding (lower Km) than those with the basic-hydro-
phobic-basic motif. To a lesser extent, substrates with the -L/I-Q
motif in P2 and P1 were hydrolysed well. In agreement with the
library screening results, the requirements in the primed subsites
were less strict, with most substrates containing one or more of
the preferred residues in positions P1' ± P3'.

Some of the peptides presented in Table 2 (14, 19, 24, 29 and
38) are particularly interesting, since they contain the basic-
hydrophobic-hydrophobic sequence of amino acids in P3 ± P1

and were slowly hydrolysed by the enzyme both in solution

phase assays as well as on solid phase during the library
screening (Table 1). The affinity of these peptides for
CPB2.8DCTE was evaluated by assaying them as inhibitors, and
the Ki values were obtained from typical competitive inhibition
reactions using Z-Phe-Arg-AMC as the substrate. Exceptions to
this general trend are peptides 24 and 38, both labelled with
Abz/Q-EDDnp, which were efficiently hydrolysed by the enzyme.

Discussion

Cysteine proteases from trypanosomatid parasites are important
targets for a new generation of therapeutic agents. It is crucial
that these protease inhibitors exhibit high specificity for the
parasite's enzyme. Since the genes encoding many of these
enzymes are in tandem arrays resulting in isoforms with subtly
different substrate specificities,[3] it is important for the design of
highly specific inhibitors that the substrate specificity of these
enzymes be characterised. To date, there has been limited
systematic characterisation of the entire substrate specificity of
protozoal proteases. Their specificity has generally been char-
acterised by conventional methods involving the systematic yet
tedious synthesis of several substrates usually containing a
chromophore (AMC or pNA) at one end. This approach is limited
because it is practically impossible to synthesise all the possible
different substrates for testing and, furthermore, the use of
chromogenic substrates gives rise to information about the
requirements of the non-primed (S) or primed subsites (S')
independently. In addition, it has been demonstrated that
subsite ± substrate interaction is generally dependent on the
substrate structure and is not necessarily additive.[28] The use of
an internally quenched fluorescent substrate,[27, 29, 30] on the
other hand, gives information about both the non-primed and
primed subsites simultaneously, making the use of a fluores-
cence-quenched peptide library (in which case the enzyme itself
selects substrates for hydrolysis) ideal for the investigation of the
substrate specificity of proteolytic enzymes.[18, 19, 21, 31]

The screening of a fluorescence-quenched combinatorial
peptide library has resulted in the characterisation of the
substrate specificity in both the non-primed and primed subsites
of the CPB2.8 isoform (lacking the C-terminal extension) from
L. mexicana. The specificity of the enzyme determined herein is
similar to that of the related enzyme from Trypanosoma cruzi,
cruzipain,[19] with which it shares a 59 % homology in the mature
domain.[11] In CPB2.8DCTE, the most restrictive subsites are S3 , S2

and S1, and the best substrates (e. g. Abz-YPKFR # SFN-Q' (32)
and Y'-EKFR #RGK-K'G (33)) share the basic-hydrophobic-basic
motif in the P3 ± P1 positions. By contrast, peptides containing
the basic-hydrophobic-hydrophobic sequence of amino acids in
these positions were slowly hydrolysed and inhibited the
enzyme. The inhibitory nature of these peptides may be related
to their resemblance to the RYLNGA sequence of the proregion
of CPB2.8.[3] It is well documented that cathepsins B and L and
cruzipain are inhibited by their respective proregions.[32, 33]

The specificity of the primed sites of CPB2.8DCTE was less
strict than that of the non-primed sites and favoured small
amino acids. However, there was at least one basic residue in
P3' ± P1'. Generally, there were basic residues in the alternating

Table 2. Kinetic parameters for CPB2.8DCTE hydrolysis of selected peptides
identified from the library screen.[a]

Compd. Sequence Km

[mM]

kcat

[sÿ1]
kcat Km

ÿ1

[mMÿ1 sÿ1]
Ki

[mM]

P3 (basic)-P2 (hydrophobic)-P1 (basic)
8 a, b Y'-K #KIR

)

YAD-K'G 1.34 0.60 462 n. d.
Abz-KKIR

)

YAD-Q' 1.40 1.12 784 n. d.
11 a, b Y'-L #QHLH

)

HN-K'G 0.71 0.55 775 n. d.
Abz-LQ

)

HLHHN-Q' 0.20 1.15 5793 n. d.
26 a, b Y'-TVK #YK

)

VP-K'G 0.64 0.89 1390 n. d.
Abz-TVK #YK

)

VP-Q' 0.47 0.46 978 n. d.
27 Y'-RIK

)

RNIS-K'G 0.50 0.43 877 n. d.
Abz-RIK

)

RNIS-Q' 0.30 0.47 1538 n. d.
32 Y'-PKFR

)

SFN-K'G 0.15 0.62 4133 n. d.
Abz-YPKFR

)

SFN-Q' 0.40 2.75 6906 n. d.
33 Y'-EKFR

)

RGK-K'G 0.57 2.45 4298 n. d.
Abz-EKFR

)

RGK-Q' 3.0 7.8 2700 n. d.
34 Y'-PRFR

)

TGS-K'G 1.13 1.47 1300 n. d.
Abz-YPRFR

)

TGS-Q' 0.77 1.85 2385 n. d.
36 Y'-IERFK

)

MR-K'G 0.33 1.14 3413 n. d.
37 Y'-PYRFH

)

TP-K'G 1.80 1.40 778 n. d.
Abz-YPYRFH

)

TP-Q' 1.70 1.41 817 n. d.

P3 (hydrophobic)-P2 (hydrophobic)-P1 (basic)
16 a, b Abz-IR #RYLR

)

E-Q' 0.36 0.80 2300 n. d.
17 Y''-LK

)

APYSR-K'G 0.31 0.51 1645 n. d.
YLKAKKMG-Q-NH2 n. d. n. d. n. d. 0.330[b]

18 Y''-LK

)

AKKMG-K'G 0.39 0.77 1974 n. d.
Abz-YLKAKKMG-Q' n. d. n. d. n. d. 0.018

25 Abz-YRFFRNRF-Q' n. d. n. d. n. d. 0.039
28 Y'-MFK

)

GIWK-K'G 0.34 0.31 912 n. d.
Abz-MFK

)

GIW K-Q' 0.10 0.78 7590 n. d.

P3 (basic)-P2 (hydrophobic)-P1 (hydrophobic)
14 a, b Abz-RIIRIKR-Q' n. d. n. d. n. d. 0.042
19 a, b Abz-LKLLRKM-Q' n. d. n. d. n. d. 0.012
24 Y'-KLFNPKF-K'G n. d. n. d. n. d. 0.031

Abz-KLF

)

NPKF-Q' 0.17 0.70 4118 n. d.
29 a, b Y'-KLSKYLS-K'G n. d. n. d. n. d. 0.036

Abz-KLSKYLSK-Q' n. d. n. d. n. d. 0.007
38 Abz-ANHFL

)
CT-Q' 0.44 1.47 3344 n. d.

other combinations of P3, P2 and P1

21 Y'-QLV
)

LQCV-K'G 0.56 0.14 259 n. d.
22 Y'-YLQ

)
GIQK-K'G 0.24 0.62 2583 n. d.

Abz-YLQ

)

GIQK-Q' 0.20 0.67 3300 n. d.
23 Y'-KIQ

)

VIKG-K'G 0.18 0.40 2555 n. d.
Abz-KIQ

)

VIKG-Q' 0.66 0.60 913 n. d.
30 Y'-RTLKARR-K'G n. d. n. d. n. d. 0.075

Abz-RTLK

)

ARR-Q' 0.14 1.10 7597 n. d.

[a]

) �major cleavage site; # �minor cleavage site. For peptides 8, 11 and
26, the ratio of major:minor product was 70:30, for peptide 16, it was 90:10.
[b] This peptide was hydrolysed with a velocity similar to that of its
analogue containing the Y(NO2)/K(Abz) pair. n. d.�not determined.
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subsites, P3 and P1, and P '
1 and P '

3, and in the event that a basic
residue was not present in the expected subsite, it was placed in
an adjacent subsite. This preference of basic residues in
alternating subsites might be correlated to the nature of the
amino acids in the active site. It is possible, as in the case of
cruzain, that basic residues in the substrates form salt bridges
with some of the acidic residues that line the active site such as
Asp 18, Glu 112, Asp 158, Asp 64, Asp 61 and Glu 205 (papain
numbering).[11, 34] In addition to the expected substrates descri-
bed above, a new type of substrate containing Ile or Leu in P2

and Gln in P1 was identified by using the library method: Abz-
YLQ #GIQK-Q' (22) and Y'-KIQ #VIKG-K'G (23). This finding is in
agreement with results of experiments with cruzipain where it
was also found that substrates with Leu in P2 were well
hydrolysed by the enzyme.[19] The acceptance of Gln in P1 is
probably related to the fact that Gln can interact with a
carboxylate group through hydrogen bonding in a similar
manner as the guanidino group of Arg[35] and is one of the
preferred structural replacements for exposed arginines in
protein mutations.[36]

A close examination of the good substrates possessing the
basic-hydrophobic-basic motif in P3 ± P1 reveals that Phe most
frequently occupies the P2 site. This observation is in agreement
with previous experiments using short AMC substrates that
demonstrated the cathepsin-L-like specificity of the en-
zyme.[24, 37] Substrates with a hydrophobic residue (Phe) in P2

and Arg in P1 were hydrolysed to a larger extent than those with
Arg in P2. The cathepsin-B-like enzyme from Leishmania major
which has an 80 % sequence homology to CPB2.8 exhibits a
similar specificity towards small substrates.[38, 39] It is noteworthy
that of the 57 cleaved sequences obtained from the library
screen, only two sequences (13 b and 14 a) were hydrolysed
when a basic residue occupied P2.

An analysis of the cleaved sequences shown in Table 2
suggests that the CPB2.8DCTE enzyme can act as an amino-
dipeptidase. Substrates containing the N-terminal sequence
Y'-R/K/H-X- (Table 1, peptides 1 ± 13) were cleaved after the basic
amino acid to release the N-terminal dipeptide in addition to
hydrolysis at a primary cleavage site. This ability to accommo-
date Y(NO2) at S2 is in keeping with recent observations that the
presence of electronegative substituents on an aromatic ring at
P2 enhances the interaction of the substrate with the en-
zyme.[21, 40] Another interesting finding from the library results is
that Pro is a favoured residue in P '

2 and substrates containing Pro
in that position are fairly well cleaved by the enzyme (Table 2,
peptides 17, 26 and 37). This finding is also true for cruzipain[19]

and may reflect the substrate specificity of the enzyme during
auto-processing to the mature, active form (cleavage sites for
CPB2.8: proregion: - -DLSA#VPDA- -, CTE: - -RESA #APGT- -).

It must be noted that while the use of different donor ±
quencher groups resulted in different kinetic constants, the
specificity requirement in the respective enzyme subsites was
generally maintained. However, in a few instances, simply
changing the nature of the reporter groups induced a radical
conversion from substrate to inhibitor (and vice versa). This
finding underscores the interdependency between an enzyme's
subsites and the fact that subtle changes at the distal ends of a

substrate can affect its entire orientation or conformation,
making catalysis more facile or impossible. As observed from
modelling studies with papain, small changes in the substrate
(e. g. changing one amino acid) can cause its alignment in the
active site to shift such that the sulfur atom of the cysteine
residue is no longer able to attack the carbonyl C atom of the
peptide bond and attacks an adjacent carbonyl group instead.[21]

A more detailed structural analysis of this conversion from
substrate to inhibitor (and vice versa) will be carried out once a
crystal structure of the enzyme is obtained.

In conclusion, the screening of fluorescence-quenched sub-
strate library with isoform CPB2.8 from Leishmania mexicana has
allowed the enzyme to select several good substrates, both
those expected because of its similarity to cruzipain as well as
other unexpected, but logical ones.

Experimental Section

General : Dichloromethane and DMF were dried, distilled, and stored
over 3 � molecular sieves under inert gas. Fmoc amino acids and
their Pfp ester derivatives were purchased from Bachem and
NovaBiochem. Fmoc-Lys(Boc-Abz)-OH, Fmoc-Tyr(NO2)-OH and
Fmoc-Glu-EDDnp were prepared as previously described.[27, 41] The
substitution of the resins was determined by spectrophotometric
analysis (Perkin ± Elmer Lambda 7 UV/Vis spectrophotometer) at
290 nm of the dibenzofulvenepiperidine adduct formed upon
deprotection of the amino-terminal Fmoc group. Purification of Y'-
peptidyl-K' peptides was performed by preparative reverse-phase
HPLC on a Waters HPLC system with a delta pak C-18 column (200�
25 mm) and a linear gradient of solvent A (0.1 % TFA in water) and
solvent B (0.1 % TFA in 90 % aq. MeCN) at a flow rate of 20 mL minÿ1.
Amino acid sequencing was performed on a Shimadzu Sequencer
model PPSQ-23 for peptides in solution, and on Applied Biosystems
Sequencer models 477A or 470A equipped with an on-line phenyl-
thiohydantoin analyzer (Model 120A) for resin-bound substrates.
MALDI-TOF MS of synthetic peptides, Y'-peptidyl-K', was performed
on a Finnigan Lasermat 2000 with a matrix of a-cyano-4-hydroxy-
cinnamic acid. The Abz-peptidyl-Q-EDDnp substrates and their
fragments were analysed in the reflectron mode on a TofSpec-E
instrument from Micromass.

Enzyme expression and purification : L. mexicana CPB2.8DCTE was
expressed, purified and activated as previously described.[24] The
concentration of the enzyme stock solution (11.4 mM) was determined
by active-site titration with human cystatin (a generous gift from Dr.
Magnus Abrahamson, University of Lund, Sweden) using Z-Phe-Arg-
AMC as the substrate.

Determination of the pH profile of the enzyme : The activity of
CPB2.8DCTE was determined over the pH range 4.5 to 8.5 at 37 8C,
using Abz-EKFRRGKQ-EDDnp as substrate and 0.74 nM enzyme. The
following buffers augmented with 2 mM EDTA and 200 mM NaCl were
used: 0.1 M sodium acetate for pH 4.5 to 5.5, 0.1 M citrate/phosphate
for pH 5.5 to 6.5, 0.1 M sodium phosphate for pH 6.5 to 7.5 and 0.1 M

tris/HCl for pH 7.5 to 8.5.

General methods for solid-phase peptide synthesis : Synthesis of
the peptide substrates and the library of general structure
Y'X7X6X5X4X3X2X1K' was carried out manually by MCPS[42, 43] on PEGA
resin in a 20-column teflon synthesis block as previously described.[21]

Reaction completion was assessed by using either Dhbt-OH
(1 equiv), which served both as an acylation catalyst and an indicator
of the reaction completion,[44] or by the Kaiser test.[45]
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Solid-phase substrate library synthesis : The library,
Y(NO2)X7X6X5X4X3X2X1K(Abz) (Figure 1), containing all 20 genetically
encoded amino acids was prepared on PEGA4000 resin as previously
described.[21, 46]

Solid-phase multiple-column synthesis of Y''-peptidyl-K'': Lead
peptides from the library screen were synthesised on PEGA800 resin
(150 ± 300 mm beads, loading� 0.34 mmol gÿ1, 19 mM peptide per
well) as previously described.[21] After cleavage from the resin, the
peptides were characterised by MALDI-TOF MS and their purity
assessed by analytical HPLC.

Solid-phase synthesis of Abz-peptidyl-Q-EDDnp : Peptides were
synthesised according to the manufacturers protocol by using the
Fmoc methodology on an automated bench-top simultaneous
multiple solid-phase peptide synthesiser (PSSM 8 system from
Shimadzu) as previously described.[41] After deprotection, the
peptides were purified by semi-preparative HPLC using an Econosil
C-18 column (10 m, 22.5�250 mm) and a gradient of solvent A and
solvent B. The column was eluted at a flow rate of 5 mL minÿ1 with a
10!50 (or 30!60) % gradient of solvent B over 30 (or 45) min.
Analytical HPLC was performed on a binary HPLC system from
Shimadzu which was equipped with a SPD-10AV Shimadzu UV-Vis
detector and a Shimadzu RF-535 fluorescence detector, coupled to
an Ultrasphere C-18 column (5m, 4.6�150 mm). Peptides were
eluted with solvent systems A1 (H3PO4/H2O, 1:1000) and B1 (MeCN/
H2O/H3PO4 , 900:100:1) at a flow rate of 1.7 mL minÿ1 and a 10!80 %
gradient of B1 over 15 min. The HPLC column eluates were
monitored for absorbance at 220 nm and fluorescence emission at
420 nm upon excitation at 320 nm. The masses of the synthesised
peptides were analysed by MALDI-TOF MS.

Solid-phase library screening : The library (300 mg, ca. 50 000 beads)
was washed (2� 10 min) with assay buffer (100 mM phosphate
buffer, pH 6.0, augmented with 10 mM DTT) then incubated with
activated CPB2.8DCTE (100 mL of stock solution; 117 nM) at 37 8C in
7 mL assay buffer. The fluorescence intensity of the beads was
monitored with a fluorescence microscope every 30 min for
indications of hydrolysis. After 3 h, several beads showed a
fluorescent ªringº indicating hydrolysis of some of the peptides on
the beads. The reaction mixture was treated with cysteine protease
inhibitor E-64 for 1 h before treatment with 2 % aq. TFA solution
(2�5 min), water (2� ), 2 % NaHCO3 (2� ), then water (3� ). The
fluorescence intensity of the beads was assessed by inspection with
a fluorescence microscope, and bright beads were collected and
transferred to a TFA-treated cartridge filter for on-resin sequence
analysis. The amino acid sequence and the cleavage point of the
peptide substrates were determined by Edman degradation. The
extent of cleavage was determined by a comparison of the amount
(picomoles) of an amino acid in both the non-cleaved and cleaved
peptide in different cycles of the degradation.

Hydrolysis of fluorescence-quenched substrates in solution :
Hydrolysis of fluorogenic peptide substrates was carried out using
0.1 M sodium acetate, pH 5.5, augmented with 2 mM EDTA, 200 mM

NaCl and 10 mM DTT, for Abz-peptidyl-Q-EDDnp peptides, and 0.1 M

sodium phosphate, pH 6.5, augmented with 2 mM EDTA, 200 mM

NaCl, and 10 mM DTT for Tyr(NO2)-peptidyl-Lys(Abz)-Gly-OH peptides.
All experiments were carried out at 37 8C with enzyme pre-
incubation in 10 mM DTT for 15 min at room temperature. Substrate
hydrolysis was monitored by measuring the fluorescence emission as
previously described.[29, 47] The enzyme concentration varied from
0.006 nM for the best substrates to 12 nM for the less susceptible ones
while the substrate concentration ranged from 0.1 Km to 10 Km . The
kinetic parameters were calculated as previously described[48] and in
all cases the standard errors of Km and kcat determinations were less

than 5 % of the obtained value. When peptides were either resistant
to hydrolysis, or were slowly hydrolysed (less than 1.5 nmol minÿ1) at
the upper limit of enzyme concentration or inhibited the enzyme at
concentrations lower than the estimated Km value, Ki values for
competitive inhibition were determined according to the method of
Nicklin and Barrett[49] using Z-Phe-Arg-AMC as the substrate. The
cleavage site was determined by correlation of the retention times of
the isolated fluorescent Abz-containing peptide fragments with
known synthesised sequences. Alternatively, amino acid sequencing
or fragment mass determination by MALDI-TOF MS was used.
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